Abstract: Sixty water samples (35 groundwater samples, 22 surface water samples and three hot-spring water samples) were collected at 36 points from villages and towns in Lhasa city, Nagchu (Nagqu) prefecture, Ali (Ngari) prefecture and Shigatse (Xigaze) prefecture (Tibet) in 2013 to study the hydrochemical characteristics and element contents of natural waters. The concentrations of elements were determined in the water samples and compared with the concentrations in water samples from other regions, such as southeast Qinghai, south Xinjiang, east Sichuan and west Tibet. The hydrochemical species in different areas were also studied. Water in most parts of Tibet reaches the requirements of the Chinese national standard and the World Health Organization international standard. The pH values of the water samples ranged from 6.75 to 8.21 and the value for the mean total dissolved solids was 225.54 mg/L. The concentration of arsenic in water from Ali prefecture exceeded the limit of both the Chinese national standard and the international standard and the concentration of fluoride in water from Shuanghu exceeded the limit of both the Chinese national standard and the international standard. The main hydrochemical species in water of Tibet is Ca (HCO 3 ) 2 . From south to north, the main cation in water changes from Ca 2+ to Na + , whereas the main anions in water change from HCO 3 -to Cl -and SO 4 2-. The chemistry of river water and melt water from ice and snow is dominated by the rocks present at their source, whereas the chemistry of groundwater is affected by many factors. Tectonic divisions determine the concentrations of the main elements in water and also affect the hydrochemical species present.
Introduction
The Tibet Autonomous Region (26°44'-36°32'N, 78°25'-99°06'E) is located on the Qing-hai-Tibet Plateau on the southwestern border of China. It has a land area of 1.22 × 10 6 km 2 with an average elevation being >4 km above sea level. The geology of Tibet is complicated and diverse and there are unique geological hazards in this region (Shen et al., 2011) . According to China's Water Resource Report in 2007 (MWR, 2009 , the inflowing rivers and lake water in Tibet have enormous capacity, low elements concentrations and are of good quality; the waters are mainly composed of rain, ice/snow melt water and groundwater. The average volume of surface water resources in Tibet is 4.394×10 11 m 3 per year, which accounts for 17% of the total surface water resources of China's mainland. The total volume of groundwater resources in Tibet is about 9.661×10 10 m 3 . The cover area and volume of the glaciers in Tibet account for 48.2% of the surface cover and 53.6% of the total volume of the glaciers in China (MWR, 2009; Bian et al., 2010) . The volume of ice/snow melt water in Tibet is about 3 × 10 11 m 3 . Zhang et al. (2013) analyzed the quality of drinking water in Nyingchi, Tibet in 2011, which showed that the water quality in Nyingchi did not often reach the required standard for drinking water. Liu and Ge (2012) determined trace elements in lake water from a mining area using the inductively coupled plasma mass spectrometry (ICP-MS) and compared the results with those obtained by four other methods to determine the optimum sample recovery rate. Bu et al. (2011) determined the concentration of arsenic in three fish ponds in Lhasa. The arsenic concentration in Quxu Niedang fish pond was the highest at >60 μg/L. Nie et al. (2011) analyzed the microbiological indicators in drinking water from counties in Lhasa and found that the water quality did not often reach the required microbiological standards for drinking water. Wang et al. (2013) studied the hydrochemical characteristics of Lake Manasarovar and Lake Rakshastal and showed that the pH was inversely proportional to the amount of dissolved oxygen. Zheng et al. (2007a Zheng et al. ( , 2007b Zheng et al. ( , 2008 ) monitored and tested the water quality in some areas of Naqu and Biru where troops were stationed; the water samples did not often reach the required standard for drinking water and the arsenic concentration commonly exceeded the Chinese national standard. Zhang et al. (2009) and Li et al. (2010) analyzed the hydrochemical characteristics of water samples collected from the Niyang and Yarlung Zangbo rivers in Tibet and reported some basic data for the water samples. Liu et al. (2013) analyzed the results of a drinking water safety project in rural areas of Shannan in 2012; the results showed that some water samples were polluted. Luo et al. (2010) surveyed the water quality of about 140 urban drinking water sources in Tibet and found that 96.9% of the drinking water samples in urban areas met the required standard for drinking water. investigated the water quality of self-supplied water sources in some remote areas where troops were stationed and water sanitation was poor.
There have been few systematic studies of the geochemical features and element concentrations of waters in Tibet. We investigated the elemental composition and distribution of water in Tibet in August 2013 ( Figure 1 ) and collected water samples for analysis. From September to October, we determined the elemental composition and hydrochemical characteristics of water samples at the Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences (IGSNRR, CAS). We also studied the hydrochemical and element characteristics of these water samples. This paper is a comprehensive report of the concentration and distribution of elements in waters from different geological areas of Tibet. 
Sampling sites and types of samples
Sixty water samples (35 groundwater samples, 22 surface water samples and three hot-spring samples) were collected (Tables 1 and 2 ) from the majority of counties in Lhasa The sample containers used were colorless 0.5 L polythene plastic barrels and were dipped into nitric acid for 24 h before use. The containers were then washed sequentially with 10% hydrochloric acid solution and tap water. The containers were then washed with distilled water and finally flushed three times with sampling water.
Methods of analysis
The water samples were analyzed at the IGSNRR, CAS. The pH, E c , RES, salinity (SAL), total dissolved solids (TDS) and temperature were determined using a Switzerland Mettler Toledo pH tester (SevenGo SG2) and Switzerland Mettler Toledo E c tester (SevenGo SG3).
The E h was determined in situ using a Shanghai Sanxin ORP tester (SX712). The total hardness (TH) was calculated from the concentrations of Ca 2+ and Mg 2+ . The alkalinity (as HCO 3 -) was determined by acid-base titration (MH, 1985; MEP, 2002) . The chloride (Cl  -) concentration of the water samples was determined using a chloride ion-selective electrode (Hirokazu et al., 1985; Yu et al., 2010) and the fluoride (F -) concentration was determined using a fluoride ion-selective electrode (MH, 1985; MEP, 2002) . All water samples were stored in pre-cleaned plastic bottles at 4°C before analysis. Selenium and arsenic were determined by hydride generation atomic fluorescence spectrometry (MH, 1985; MEP, 2002) . The concentrations of the major cations (Ca 2+ , Mg 2+ , Na + , K + , P, Sr, B and SiO 2 ) and the SO 4 2-anion were determined by inductively coupled plasma atomic emission spectrometry (Optima 5300 DV, Waltham, Massachusetts in the United States, PerkinElmer). The concentrations of trace elements (Li, Zn, U, Rb, Ba, Bi, Co, Cs, Ga, In, Ti, V, Ag, Al, Be, Cd, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb and Tl) were determined by ICP-MS (PerkinElmer, DRC-e).
In each test method, a parallel sample was determined to ensure the stability of the data after every 20 samples. The percentage error in all the samples ranged from ±0.19% to ±4.96%, i.e. less than ±5% (Figure 2 ). Therefore these data are accurate and dependable (Shen et al., 1993; Ji et al., 2007) . 
Results

Hydrochemical characteristics and element concentrations
The water samples collected from Tibet have good hydrochemical and sensory characteristics (Tables 3 and 4 ). The pH in these samples ranged from 6.75 to 8.21, with a mean value of 7.54. The average TDS was about 225.54 mg/L, except for the hot-spring water. Because the majority of the water samples were collected from surface runoff, which is mainly recharged by ice/snow melt, the hardness of these samples ranged from soft to moderately hard.
Trace element concentrations
The background concentrations of elements from different geological settings not only affect the hydrochemical characteristics of the major elements in water, but also affect the hydrochemical characteristics of the trace elements (Warren, 1989; Webster, 1994) . The Table 3 Hydrochemical characteristics and element concentrations in surface water samples from Tibet (Tables 5 and 6 ).
Test results of toxic elements
The average arsenic concentration in water samples (except the hot-spring water samples) in Tibet was 8.66 μg/L. The arsenic concentration in northern Tibet (Damxung, Shuanghu, Gerze, Geji and Seng-ge Kambab) was higher than that in other areas of Tibet, with an average value of about 113.23 μg/L, 11 times higher than the Standards for Drinking Water Quality (MH, 2006 ; 10 μg/L) ( Tables 7 and 8 ). The water in these areas is therefore not suitable for drinking. Table 5 Concentrations of trace elements in surface water samples from Tibet Table 6 Concentrations of trace elements in groundwater samples from Tibet Table 7 Concentrations of toxic elements in surface water samples from Tibet 
Discussion
Hydrochemical characteristics
The water samples collected (except for sample numbers 20 and 30) were weakly alkaline (Tables 3 and 4 ) and the pH of these water samples met both the Chinese national standard and the international standard (WHO, 2004; MH, 2006) (Table 9 ). The TDS and TH in the natural waters of Tibet also met both the Chinese national standard and the international standard (WHO, 2004; MH, 2006) . Some of the water samples also met the national Drink Natural Mineral Water Standard (GAQS, 2008) (samples collected from Kema village, Luoma town, Nagchu county; Marm town, Gerze county; and Baga town, Burang county; Table 9 ).
Toxic elements
Arsenic poisoning is a common endemic disease. The main symptom of arsenic poisoning is 
skin alteration, including dermal hyperkeratosis, verrucous keratosis and skin cancer (Smith, 1992) . Some patients also experience gastrointestinal or hepatic dysfunction . Studies have shown that the arsenic concentration in water is mainly affected by the underlying lithology (Qing et al., 2007) . In Damxung, Shuanghu, Gerze, Geji and Seng-ge Kambab of northern Tibet, the arsenic concentration is high (Tables 7, 8 and 10) . As a result, people who live in these regions may be affected by arsenic poisoning through drinking water. Therefore it is essential to carry out further research on endemic arsenic poisoning in these prefectures as well as on the distribution and genesis of water with a high arsenic concentration. The fluoride concentration in Shuanghu county exceeded both the Chinese national standard and the international standard (WHO, 2004; MH, 2006) . The toxic elements in water from other regions meet both these standards, which means that water in these regions is suitable for drinking.
Hydrochemical characteristics
The ratio of major ions in water can be clearly shown with a Piper plot (Piper, 1944) ; the percentage of major ions determines the hydrochemical type of water (Chen et al., 2014; Piper, 1944; Shen et al., 2007; Zhu et al., 2011) . The main hydrochemical types of water samples in Tibet are as follows: Ca-Mg-HCO 3 (eight samples); Ca-Mg-HCO 3 -SO 4 (eight samples); Ca-HCO 3 (five samples); Ca-HCO 3 -Cl (three samples); Ca-Na-Mg-HCO 3 (three samples); Na-Ca-HCO 3 (three samples); Ca-Mg-HCO 3 -Cl (two samples); Mg-Ca-HCO 3 (two samples); Na-HCO 3 (two samples) (Figure 3 ; Tables 3 and 4) . The predominant cation and anion in the water samples from Tibet were Ca 2+ and HCO 3 -, respectively. The major cations in water were Ca 2+ > Na + > Mg 2+ > K + and the major anions were HCO 3 -> SO 4 2-> Cl - (Figure 4) . From south to north, the main cation in water changed from Ca 2+ to Na + , whereas the main anions in water changed from HCO 3 -to Cl -and SO 4 2-. The surface runoff and groundwater in Tibet are recharged mainly by ice/snow melt water and rain.
The main water type in northern Tibet, in the Yarlung Zangbo river catchment, the Lhasa river catchment, the Nianchu river catchment, the Nyang river catchment and the internal flow lake basin area is pore water from loose rocks. Bedrock fissure water is mainly distributed from north of the Himalayas to south of the Changtse Mountains. Karst water is mainly distributed in the central and western Changtang Plateau.
Preliminary discussion on the causes of variation in Tibetan water samples
The boomerang envelope model developed by Gibbs (1970) describes three types of water:
(1) water from evaporation/crystallization; (2) water dominated by rock type; and (3) water The control of the chemical composition of surface water in Tibet by rock weathering is consistent with results from elsewhere in the world, including the Yangtze River, the Amazon River and the Ganges (Gibbs, 1970) . The results for groundwater in the Gibbs boomerang envelope plot are relatively fragmented, which suggests that the chemical composition of groundwater is diverse and complicated. As a result of the high temperatures, the concentrations of elements in the hot-spring waters are high and water samples are close to the seawater type in the Gibbs boomerang envelope.
Regional comparison
In order to explore the differences in the hydrochemical characteristics of different regions, we compared the average values for water samples collected from the Tibetan region with the average values for water samples collected from Southern Xinjiang, the Tongtian River in Qinghai, the Qinghai Lake Basin, Huanglong (Yellow Dragon), Maoxian county and Zamtang county of Sichuan, Yarlung Zangbo River between Lhasa-Nyingchi and Shegyla Mountain (Table 11) . Liu et al. (2014) , Pang et al. (2010) , Zhang et al. (1995) Su et al.
Xu et al.
Wang et al. 
The hydrochemical types of the Southern Xinjiang, Qinghai Tongtian River, Lake Qinghai catchment, Sichuan Yellow Dragon, Sichuan Maoxian county, Sichuan Zamtang county, Yarlung Zangbo River between Lhasa and Nyingchi and Shegyla Mountain are: Na-Mg-Cl-SO 4 , Na-Ca-Cl-HCO 3 , Ca-Na-Mg-HCO 3 -Cl, Ca-HCO 3 , Ca-Mg-HCO 3 -SO 4 , Ca-Mg-HCO 3 , Ca-Mg-HCO 3 -SO 4 and Mg-SO 4 -HCO 3 , respectively. It can be inferred that different locations lead to different hydrochemical types (Table 11 and Figure 6 ).
Conclusions
The data obtained in this study are representative of the natural hydrochemical characteristics in Tibet as a result of the limited human activities in this region. The water quality in most regions of Tibet is good and meets both the Chinese national standard and the international standard (WHO, 2004; MH, 2006) . Some of the water samples also met the national Drink Natural Mineral Water Standard (GAQS, Inspection and Quarantine of the People's Republic of China, 2008) . The arsenic and fluoride concentrations in Damxung, Shuanghu, Gerze, Geji and Seng-ge Kambab of northern Tibet are higher than those specified in the Chinese national standard and the international standard (MH, 2006; WHO, 2004) .
The results of this study can be summarized as follows.
(1) The pH value of water samples ranges from 6.75 to 8.21 and most of the water samples are weakly alkaline.
(2) The mean value of TDS in water samples is 225.54 mg/L, except for the hot-spring water samples. Therefore the majority of water in Tibet is suitable for drinking.
(3) The arsenic concentration in water samples from Ali prefecture and the fluoride concentration in water samples from Shuanghu exceed both the Chinese national standard and the international standard (WHO, 2004; MH, 2006) . Further studies are needed on fluorosis and endemic arsenic poisoning resulting from drinking water. (5) River water and ice/snow melt water are dominated by the rock type and the formation of groundwater is affected by many factors. The element concentrations in hot-spring water are high and are similar to seawater.
